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ABSTRACT 
Alterat ions of the physica l propert ies of stratum corneum induced by ether extraction 
were studied. In vitro changes measured included mechanical work to stretch (Instron ex-
ten someter), cross-sectional swelling, and expansion in the plane of the tissue when placed 
in water. Resul ts showed that ether extraction produced a pronounced weakening of the 
stratum corneum as shown by the work index when measured at 5% extension. T his weak-
ening was acco mpanied by an increase in the cross-sectional swelling and higher expansion 
in the plane of the t issue. In vivo observations us ing scanning electron microscopy of rep-
licas of ether-extracted skin confirmed the pronounced swelling effects seen in vit ro. The 
r esul ts suggest that removal of lip ids from the surface of the skin produces a pronounced 
weakening and swelling when the skin is subsequently immersed in water . This may be re-
flected in the appearance of cracks and upturned stratum corneum cells. 
T h e role which skin lipids play in regulating 
and co n t rolling the va ri ous functions of the 
stratu m corneum has been a subject of consider-
ab le research. It has been shown that extraction 
of skin with lipid solvents can markedly affect its 
barrie r p ropert ies (1-3 ]. In addi t ion, extraction of 
lipid s has been shown to enhance t he subsequent 
removal by water of hydrophili c materials from 
skin [3, 4]. T hese hydrop hilic materials are im -
portant in controlling the moisture-binding ca-
pacity of skin a nd also its physica l propert ies [4 ]. 
It is generally recogni zed that re moval of the 
water-soluble constituents fro m skin decreases its 
ability to take up moisture and thereby also de-
creases its swelling. In addi t ion, removal of these 
materia ls leaves stratum corneum in a more 
brittle or stiffe r condi t ion than unt reated skin 
when expose d to va ri ous relative humidi t ies. 
Heretofore li tt le has been reported on the altera -
tion of the biomechanica l propert ies of stratum 
corneu m induced by just ether extraction. Wild-
nauer has found that ether extraction increased 
the breaking strength of stratum corneum while 
not affecting its percent elongation at breaking 
[5 ]. We wish to report on some unexpected altera-
tions in t he physica l propert ies of stratum cor-
ne u m induced by ether extraction. 
MATE: HI ALS AND METHODS 
Gu i n ea-pig stratum corneum was isolated by ex-
posing intact skin to a mmonia va por and then gently 
peeling off the st ratum corneum [6). T he sheets of 
stratu m corneum were stored dry at room conditions. 
Chan ges in the mechanical properties of stratu m cor-
neum strips (expressed as work index) were eva luated 
on th e I n stron extensometer according to the method of 
Elfba u m and Wolfram (7 ]. 
T h e c ross-sectional swelling of stratum corneum was 
deter mined using a specially constructed probe balance 
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instrument.t The instrument measured the swelling of 
stratum corneum by recording the displacement of a 
probe placed in contact wit h t he surface of t he skin. In 
a typical experiment a small punch sample of stratum 
corneum (1.59 mm in diameter .previously conditioned 
for 24 hours at 67% relative humidi ty [RH )) is placed on 
a ·support anvil. The contact probe which is connected 
to a displacement sensor is lowered un til it just contacts 
the surface of the skin sample. Water containing 0.1% 
Triton X -100 is placed on the skin sample, and the con-
tinuous swell ing of the stratum corneum is monitored as 
the contact probe is displaced by the swelling skin. 
After apparent equil ibrium swelling is reached (wit hin 
about 10 minutes), t he final t hickness of the stratum 
corneum is det~nnined . The percent of swelling i's cal-
culated by co mparing the ini t ia l thick ness of the 
stratum corneum with that following swell ing. 
The measurements of the d imensional changes in the 
plane of the t issue (" in plane " swelling) were performed 
by cutting out strips of stratum corneum (20 rom x 
20 mm) . The strips were then either immersed directly 
in water or extracted with ethyl ether for 1.5 hours, air 
dried, and then immersed in water. After 16 hours ' 
water im mersion the strips were remeasured . In order to 
assure fl atness, the strips were li fted from the water by 
float ing t hem above a plastic screen. T he screen was 
removed from the solu tion along with the hydrated 
stratum corn eum which adhered smoothly to the surface 
of the screen as i t passed through the water-air in te r-
face. The change in surface area compared to t hat of the 
origina l dimensions was calculated and data reported as 
" in plane" swelling. 
In vivo swell ing studies were performed on the backs 
of subjects' hands. Before treatment, a si lastic replica of 
an area between the thumb and index finger was made 
to serve as a control. T he back of the hand was divided 
in half and one side was swabbed with ether for 60 sec-
onds while the other half was left untreated . A flannel 
patch soaked in water was then applied to the enti re 
back of the hand. The site was occluded with plas tic 
film fo r one hour. Following removal of the patch, t he 
skin surface was blotted dry and a silast ic replica of the 
extracted and the unextracted skin sites was made. 
After the silastic negative had cured at 150° C for 4 
hours, positive casts were made from polyethylene pel-
t Buras EM : ln preparat ion. 
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lets a nd prepared for scanning electron· microscopy 
using the procedure of Bernstein and Jones [8]. 
RESULTS 
The mechanical properties of stratum corneum 
expressed as work index when immersed in 
buffers of varying pH are presented in Table I. It 
can be seen that stratum corneum exhibits its 
greatest mechanical stability at pH values 5-6. 
Statistical calculation showed that a significant 
weakening of the membrane occurs at alkaline pH 
values. Strips of guinea-pig stratum corneum 
were extracted with ether for 1.5 hours and mea-
surements of work index were then performed 
using the Instron. As can be seen in Table I, deli-
pidization of the strips prior to stretching them 
5% produces a pronounced weakening at all of the 
pH values studied . 
It should be noted, however, that when stratum 
corneum is stretched to breaking, an apparent 
increase in breaking strength is noted for the 
ether-extracted skin. While our results agree with 
data reported by Wildnauer [5], we feel the con-
ditions of the 5% stretching are more realistic in 
terms of wha t may occur in vivo. 
The cross-sectiona l swelling of unextracted 
stratum corneum as a function of pH of the 
swelling media was studied using the probe bal-
ance instrument. Table II shows the percent 
swelling at apparent equilibrium when stratum 
corneum is exposed to various buffer solutions. 
The resul ts indicate that a signifi cant increase in 
swelling occurs after delipidization. The data pre-
sented in Tables I and II suggest t hat in this case 
TABLE I 
Effec t of ether delipidization on the work index of 
stratum corneum 
Work Index 
Buffer pH Untreated stratum Ether deli pidized 
corneum stratum corneum 
(buffer/ initial water) (buffer/i ni t ial water) 
2.2 0.89 ± 0.18 (17) " 0.60 ± 0.12 (8) 1' 
4.8 0.91 ± 0.09 (10) 0.49 ± 0.07 (5) 
5.0 1.07 ± 0.16 (5) 0.64 ± 0.12 (5) 
6.0< 1.06 ± 0.12 (5) 0.60 ± 0.18 (5) 
7.0 0.95 ± 0.11 (20) 0.55 ± 0.34 (29) 
8.0 0.95 ± 0.07 (5) 0.75 ± 0.19 (5) 
9.0 0.86 ± 0.07 (4) 0.59 ± 0.18 (4) 
10.0 0.70 ± 0.07 (9) 0.37 ± 0.08 (10) 
" Mean value and standa rd deviation. Number in 
parenthes is gives number of measurements made. 
"S tatist ica lly s ignifi ca n t difference between un-
treated and de lipidized stra tum corneum at 5% level for 
a ll pH values except pH 8 as shown by the Student's t-
test. S ignificant difference for pH 8 at 10% leve l. 
,. Statistically s ignifican t difference for both untreated 
and delipidized stratum corneum between pH 6 a nd pH 
10 values at 5% level, as shown by the Student's t-test. 
TABLE II 
Effect of ether delipidization on the cross-sectional 
swelling of stratum corneum in buffer solutions 
Swelling(%) 
Buffer" pH Untreated Ether-delipidi zed 
stratum corneum stratum corneum 
2.2 73.9 ± 18.2 (3) " 189.9 ± 35.7 (4) '" 
4.8 48.4 ± 21.1 ( 4) 164.8 ± 44.4 (3) 
7.0 58.9 ± 29.2 (4) 143.6 ± 26.0 (3) 
10.0 76.1 ± 18.4 (3) 168.0 ± 49.3 (4) 
a All buffer solutions contained 0.1% Triton X-100. 
1
' Mean values and standard deviation. Number in 
parenthes is gives number of measurements made. 
,. Statist ica lly s ignifi ca n t differen ce between un-
treated and delipidized stratum corneum at 5% level for 
all pH va lues as shown by the Student's t-test. 
TABLE III 
Effect of ether delipidization on " in plane" swelling of 
stratum corneum in water 
Initia l dry a rea 
(mm ') 
Final wet area 
(mm ') 










- 2.38 ± 1.83" 4.92 ± 3.69b.c 
a Mean value and standard deviation from 10 mea -
surements on the stratum corneum from one animal. 
'' Mean va lue and standard deviat ion from 9 measure-
ments on the stratum corneum from two animals. 
c Statistically significant difference between delipi -
dized and untreated stratum corneum at 1% level as 
shown by the Student's t-test. 
the increased swell ing is associated with a weak-
ening of the stratum corneum . This phenomenon 
is often seen when skin is subjected to conditions 
which produce over-hydration (maceration). The 
macerated skin is considerably weaker and can 
usually be easily abraded away co mpared to 
norma l s tratum corneum. 
The dimensional changes in the plane of the 
t issue ("in plane" swelling) of guinea-p ig stratum 
corneum were evaluated using the procedures out-
lined in Materials and Methods . P lacing strips of 
stratum corneum in distill ed water produces littl e 
cha nge in its overall dimensions as compared to 
its dry dimensions. If, however, the stratum cor-
neum is extracted with ether prior to immersion in 
water, a definite swell ing can be observed as evi-
denced by an increase in its surface area (Table 
III) . A similar swelling of stratum corneum has 
been observed by Scheuplein when strips of 
stratum corneum are immersed in di lute sodium 
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FIG. 1. Scanning electron micrographs of skin . Bar represents 1671'. (a.) unt reated; (b.) 1-hour water t reatment; 
(c .) eth e r delipidized-water t reated . 
a 
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F IG. 2. Scanning elec tron microgra phs of skin. Ba r represents 16.7 IJ . (a .) untreated ; (b.) 1-hour wate r t reatment; (c.) ether delipidized- water trea ted . 
b 
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laurate solut ions (9]. In addi t ion, we have found 
that p rior ether extraction fur ther enhances both 
the c r oss-sectional and the " in plane" swelling 
effect of sodium laurate. 
The data presented thus fa r indica te tha t ex-
tract ing stratum corneum wi th ether weakens its 
mecha nical properties as shown by the work 
index when measured at 5% extension a nd in-
creases its swe lling in water as measured by both 
cross -secti onal swelling and expansion in t he 
plane o f the skin . It was of interest to ascertain 
whet h er these observed phenomena could be re-
lated to in vivo effects. The enhancement of 
swelling of skin after ether extraction was ob-
serve d in vivo wi th the scanning electron micro-
scop e . Two cri te ria were used to judge the exten t 
of s w e lling: (a) t he shape of the contours of the 
major s ubdi visions of t he skin , and (b) t he texture 
of t h e surface of these subdi visions. It had been 
obser ved in our laboratories during studies on the 
effect o f moisturi zing reagents on skin topography 
that a n increased rounding of the contours occurs 
as the extent of hydration progresses .:j: Wi th 
unextr acted skin, water produces a pronounced 
swell i n g of t he major subdivisions of the skin 
(com pare Figure la-unt reated skin, and Figure 
lb-1 h our water t reated skin). If skin is pre-
viou s l y delipidi zed wi t h ether, t he exte nt of 
swelling observed on these major subdivisions is 
markedly enha nced (Fig. l c) . The second topo-
gra phic change that can be observed in water-
hydrated or swollen skin is an increase in rough-
ness o r bumpiness of the surface. This is espe-
cially no ticeable at higher magnifications (Fig. 2). 
This s urface roughness represents underlying cells 
whi c h b ecome swoll en and thereby push aga inst 
the overlying cells producing a bumpy surface or 
small p rotuberances. The protuberances are con-
sider ably more a ppa rent on ether extracted -hy-
drated (Fig. 2c ) skin t han on normal hydrated 
skin (Fig. 2b). 
DISCUSS IO N 
Muc h of the earli er work done on the role of 
lipids in regula ting the functions of the stratum 
corne um has cen tered upon its role in controlling 
the barrier properties of skin and its function in 
protec ting against the remova l of natura lly 
present hydrophilic materials. The present study 
indicated that removal of lipids can a lso a lter the 
physi cal properties of skin by changing the extent 
of swelling which occurs in the skin when placed 
in water. We speculate t hat the enha nced 
swelling seen in water probab ly resul ts from the 
unmasking of hydrophilic si tes in stra tum cor-
ne u m by virtue of removal of lipid-like materia ls. 
It h as been observed by Blank [3 ] tha t remova l of 
only t he lipids from kera tini zed epi t helium 
slig h t l y increases its capacity to absorb water. 
:j: Bernstein EO: Personal co mmunication. 
Further evid ence suggests that ether deli pidiza -
tion resul ts in greate r hydrophilic bond break-
down when the skin is immersed in water. Com-
pa rison of stress- strain curves for un treated and 
ether-extracted stratum corneum in water shows 
marked differences (Fig. 3) . Untreated stratum 
corneum extended 5% and relaxed shows hyster-
esis simila r to that observed for other keratina-
ceous structures [10 ]. The syste m is completely 
reversible and hydrogen-bond deformation and 
reformation may be the major factors determining 
t he stress- stra in relat ionships . Wi th ether- ex-
tracted stra tum corneum, there is also observed 
complete recovery from 5% extension, however, in 
cont rast to unt reated skin there is litt le or no 
hyst eres is. S imila r non-hysteretic stress-stra in 
curves have been observed for wool fibers im-
mersed in formic ac id [10 ]. The swelling of wool 
in formic acid is considerably greater than its 
swelling in water. In the case of wool, the lack of 
hysteresis in formic ac id is att ributed to t he 
breakdown of hydrogen bonds lea ding to an un -
folding of the a-helix. The high swelling and lack 
of hysteresis of ether-extracted skin in water t hus 
may be related to the breakdown of hydrogen 
bonds in skin normally shielded from the effec ts 
of water by lipid-like materials. In addi t ion, t he 
enhanced swelling observed afte r ether extraction 
may pa rtially expla in the increased permeabili ty 
of lipid-extracted skin . 
T he high degree of swelling produced by ether 
ext racti on is also accompa nied by a weakening of 
t he mechanical properties of stratum corneum 
stretched 5% as indicated by a decrease in work 
index . Many of t he above changes which have 
been observed in vit ro have been substant iated in 
vivo using scanning electron microscopy tec h-
niques. The physiologic impli cations of these re-
sults can only be specula ted upon . However, it 
can be postulated that removal of l\pids from the 
surface of skin which is subsequent ly to be im-
mersed in wa ter could resul t in a pronounced 
swelling in water along with a marked wea kening 
of the skin membrane a nd increase in permea-
untreated stratum corneum 
0.6 
Extension (0/0 } 
Ftc. 3. Hysteresis of stratum corneum in water. A, 
un treated; B, ether-extracted. In order to obtain a 
hysteresis cycle the stratum corneum strips were placed 
on the Instron and extended 5% at a rate of 20%/min. 
The cross head was reversed immediately and brought 
back to the ini t ial posit ion at a speed of 0.1 in ./min 
(same as extension rate). 
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oiF ~y. This weakening may be reflected in the 
appearance of cracks and upturned stratum cor-
neum cells. 
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